ABSTRACT: The emerging vector of Chagas disease, Triatoma maculata (Hemiptera, Reduviidae), is one of the most widely distributed Triatoma species in northern South America. Despite its increasing relevance as a vector, no consistent picture of the magnitude of genetic and phenetic diversity has yet been developed. Here, several populations of T. maculata from eleven Colombia and Venezuela localities were analyzed based on the morphometry of wings and the mitochondrial NADH dehydrogenase subunit 4 (ND4) gene sequences. Our results showed clear morphometric and genetic differences among Colombian and Venezuelan populations, indicating high intraspecific diversity. Inter-population divergence is suggested related to East Cordillera in Colombia. Analyses of other populations from Colombia, Venezuela, and Brazil from distinct eco-geographic regions are still needed to understand its systematics and phylogeography as well as its actual role as a vector of Chagas disease. Journal of Vector Ecology 41 (1): 72-79. 2016.
INTRODUCTION
Chagas disease is a protozoonosis in which the pathogenic agent, Trypanosoma cruzi, is transmitted mainly by hematophagous insects of the subfamily Triatominae (Hemiptera, Reduviidae). Within this group, some species such as Rhodnius prolixus, Triatoma infestans, and T. dimidiata are widely recognized as the main vectors at the sub-continent level. However, other species such as T. maculata are increasing their epidemiological relevance as vectors in regions where the main vector species is absent or has been eliminated.
Triatoma maculata is one of the most widely distributed Triatoma species in northern South America, being reported in Brazil, Guyana, West Indies, Surinam, Venezuela, and Colombia (Lent and Wygodzinsky 1979) . In Colombia, T. maculata is the second most widely distributed species after Panstrongylus geniculatus , and although specimens have been mostly collected in sylvatic habitats (i.e., palms and nests of birds), infected individuals colonizing dwellings are been more frequently reported (Montilla et al. 2011 , Cantillo-Barraza et al. 2014 , Gómez-Melendro et al. 2014 ). In the metropolitan district of Caracas, Venezuela, T. maculata is the second most abundant insect collected in anthropic areas (Carrasco et al. 2014) , while in northern Brazil, T. maculata was the most frequent species found in peridomestic and domestic habitats (Luitgards-Moura et al. 2005a,b) .
Despite the wide geographic distribution of T. maculata and its increasing epidemiological relevance as a vector of T. cruzi in several regions of Colombia, Venezuela, and Brazil, most of the biological aspects related to its ecology, morphologic diversity, and genetic population structure remain poorly studied (Justi et al. 2014 ). Compared to other emerging or secondary vector species, studies of population genetics and morphology of T. maculata are scarce. Recently, phenotypic and genetic variability of T. maculata populations was analyzed in specimens collected in diverse peridomestic and domestic ecotopes from several states in Venezuela (González-Brítez et al. 2010 , García-Alzate et al. 2014 ). Significant differences in anatomical size and moderate genotypic variability were observed among domestic and peridomestic populations, indicating a possible structure associated with ecotope.
Studies of the genetic and phenotypic variation of triatomines are essential for understanding the mechanisms responsible for their adaptation to human habitations, and therefore accurate information on population structure and dispersal potential of triatomine species is necessary for optimum vector control and surveillance strategies. Therefore, we performed a genetic and phenetic study of T. maculata by analyzing individuals from several localities in Colombia and Venezuela.
MATERIALS AND METHODS

Insect sampling
A total of 210 specimens collected in diverse peridomestic ecotopes of 11 locations in Colombia and Venezuela were analyzed (Table 1 ). All specimens were identified as T. maculata according to classical morphological characters (Lent and Wygodzinsky 1979) and kept in 70% ethanol until processed for DNA extraction. (Rohlf 2010) . To compare wing size between sexes and groups, the centroid-size was used as an isometric estimator of overall size derived from coordinate data (Bookstein 1996) . It is defined as the square root of the sum of squared distances between the center of the configuration of landmarks and each individual landmark (Bookstein 1991) . Differences in size were tested by one-way ANOVA and visualized by violin plots, using stats and vioplot packages in R software. The Generalized Procrustes Analysis (GPA) superimposition algorithm implemented in the CoordGen v.8 of the IMP software series (http://www3.canisius.edu/~sheets/ moremorph.html) was used to obtain the wing shape variables. Differences in sexual dimorphism and between Colombian and Venezuelan T. maculata were analyzed using TwoGroup v.8 of the IMP software series (http://www3.canisius.edu/~sheets/ moremorph.html). Shape variation within T. maculata, tested as Colombian and Venezuelan a priori groups, was accessed by canonical discriminant analysis (CDA) as implemented in CVAGen v.8 of the IMP software series (http://www3.canisius. edu/~sheets/moremorph.html), and statistical differences were tested by MANOVA. A scatter plot of specimens along the first two canonical axes, producing maximal separation among all groups was performed in CVAGen v.8 of the IMP software series (http://www3.canisius.edu/~sheets/moremorph.html). Finally, a Jack-knife assignment test of the CVA was performed in CVAGen v.8 (http://www3.canisius.edu/~sheets/moremorph.html) using a total of 21,000 "unknowns" observations tested in 1,000 trials.
DNA extraction and PCR-amplification
Genomic DNA was extracted from legs or thoraxes of individual insects, as described elsewhere (Collins et al. 1987) . From each specimen, we amplified a 639 bp fragment of the ND4 gene, using primers ND4Deg (5'-TCAACATGAGCCCTTGGAAG-3') and ND4B02 R (5'-TAATTCGTTGTCATGGTAATG-3'), as described previously for T. dimidiata (Grisales et al. 2010) . PCR reactions were conducted in a final volume of 35 µl using 2 µl of 50-ng/µl DNA, 3.5 µl of 10X PCR buffer (0.1M Tris-HCl, 0.5M KCl, and 0.015M MgCl 2 , pH 8.3), 4.5 µl of 2-mM dNTP, 1.5 µl of each 10-µM primer, 3.5 µl of 50mM MgCl 2 , and 1 U/µl of Taq DNA polymerase (Fermentas®). Amplifications consisted of an initial denaturation of 95° C for 5 min, and 35 cycles at 94° C for 30 s, 50° C for 30 s, and 72° C for 60 s, followed by a final extension of 72° C for 10 min. PCR products were sequenced by Macrogen Inc. (http://www.macrogen.com).
Forward and reverse sequences were adjusted and aligned to obtain a consensus sequence for each individual, and multiple alignments were developed using default parameters in ClustalX (Thompson et al. 1997) , as implemented in BioEdit v.7.0.9.0 (Hall 1999) .
Sequence analyses
For the ND4 dataset, the number of segregating sites (S), nucleotide diversity (π), number of haplotypes (h), and haplotype diversity (Hd) were estimated with DnaSP v.5.10 (Librado and Rozas 2009). A median joining (MJ) haplotype network was obtained using Network v.4.6.1.1 (http://www.fluxus-engineering. com), using default parameters (equal character weight = 10; epsilon value = 10; transversions / transitions weight = 1:1 and connection cost as a criterion).
After inferring the best-fitting nucleotide substitution model using the Bayesian information criterion (BIC) (Schwarz 1978) , as implemented in MEGA v.5.0.4 (Tamura et al. 2011 ), a genetic distance-based Neighbor-joining (NJ) tree was constructed in MEGA v.5.0.4 (Tamura et al. 2011 ) with a statistical support for tree topology obtained by bootstrapping (Efron et al. 1996 ) using 1,000 iterations.
Colombian and Venezuelan populations differentiation on nucleotide and haplotype diversity was estimated by K ST and H ST (Hudson et al. 1992) , with a permutation test of 1,000 replicates and significance level of p < 0.001, using DnaSP v.5.10 (Librado and Rozas 2009). To access the level of genetic structure between groups within T. maculata, a molecular analysis of variance (AMOVA) was performed (Excoffier et al. 1992 ) using the program GenAlEx v.6.5 (Peakall and Smouse 2006) . Analogous to the fixation index F ST , Φ ST was inferred as parameter for population genetic structure using the program GenAlEx v.6.5 (Peakall and Smouse 2006) .
RESULTS
Wing size and shape variation
Significant differences (p < 0.001) in wing size were detected between females and males from Colombia and Venezuela but not within them (Figure 2 ). As observed in the violin plot (Figure 2) , most of the T. maculata of both sexes in Colombian populations were comparatively larger than Venezuelan populations. The MANOVA test allowed us to detect significant differences in shape between the two populations (F=8.05, p < 0.001) and indicated that grouping explained 78.73% of total variance. The projection of the individual scores onto the first two canonical variants (CV1 = 69.89%; CV2 = 0.12%) shows, albeit moderated, Colombian and Venezuelan samples separation (Figure 3) . Results of the Jackknife assignment test indicated that 76.1% of the unknowns were correctly classified, whereas 28.9% were incorrectly classified into the T. maculata groups.
Mitochondrial (ND4 fragment) diversity
In the total dataset, 81 variable sites (S) and 26 haplotypes (h) were observed in the ND4 fragment, with a haplotype diversity (Hd) of 0.932 and nucleotide diversity (π) of 0.037 (Tables 1 and 2 ). All genetic variation parameters estimated (S, h, Hd, and π) were consistently lower in Colombian localities than Venezuelan (Table  2) . Some haplotypes shared between localities within Colombia and Venezuela were observed, such as Hap_6 in Cesar and Bolivar (Colombia) and both Hap_19 and Hap_22 in Anzoategui (Aragua de Barcelona locality) and Bolivar (Venezuela, Table 1 ).
The haplotype network showed two main groups separated for at least 25 mutation steps harboring Colombian and Venezuelan haplotypes (Figure 4) . Interestingly, within Venezuela localities, a secondary group of haplotypes also appeared to be separated for 22 mutation steps (Figure 4) .
For the ND4 gene, the substitution HKY + G model was used in phylogenetic inference. The NJ-based topology showed two well-supported (bootstrap value = 100) monophyletic clades harboring Colombian and Venezuelan populations ( Figure 5 ). Hence, a secondary Venezuelan clade was observed (bootstrap value = 96) harboring most of haplotypes from the San José Margarita de los Llanos locality of Anzoátegui state ( Figure 5 ).
Hudson's statistics of nucleotide diversity between Colombian and Venezuelan samples (K ST = 0.489, p < 0.001), as well as haplotype diversity (H ST = 0.058, p < 0.001), were significant, indicating gene differentiation between both subpopulation groups. Moreover, AMOVA analysis showed that 57% of molecular variation was attributed to differences between the Colombian and Venezuelan populations groups (Φ RT = 0.575, p < 0.001), followed by 28% differences among all locations (Φ ST = 0.658, p < 0.001), and finally (Table S1 ). Numbers on branches indicate mutational steps separating haplotypes (>5). by 15% differences within locations. This last moderately high value was due to haplotype divergence observed within San José Margarita de los Llanos in Anzoategui state, as previously shown (Figures 4 and 5 ).
DISCUSSION
The inter-population structure of T. maculata from diverse Colombian and Venezuelan localities was assessed by using genetic and phenetic markers. Our data support a high genetic and phenotypic diversity of T. maculata and indicate clear interpopulation structure is observed among eastern and western populations of the East Cordillera in Colombia (Colombian and Venezuelan populations, respectively).
The northern Andean mountain range, including the Central and East Cordilleras in Colombia, has been proposed as an important geographic barrier for the dispersion of native Triatominae species such as Rhodnius pallescens (Gómez-Palacio et al. 2012 , Díaz et al. 2014 and T. dimidiata , producing a strong inter-population structure. In this paper, we explored T. maculata diversity at a regional scale and showed that genetic and morphological structure (i.e., size sexual dimorphism and, albeit weak, at wing shape) responds to geographical distribution possibly related to different ecological regions separated by East Cordillera in Colombia.
Mitochondrial genes have been used extensively not only to explore phylogenetic relationships in genera of Triatominae but also to examine population genetics of several species. Accordingly, mitochondrial genes such as ND4 and cyt b have been applied to elucidate population structure in Triatoma brasiliensis (Almeida et al. 2008 ) and in T. dimidiata from Colombia (Grisales et al. 2010, Gómez-Palacio and . Here, we showed that mitochondrial studies between T. maculata from Colombia and Venezuela reveal a remarkably high level of divergence, which could reflect that East Cordillera in Colombia separates two divergent genetic parapatric lineages. Rather, the T. maculata mitochondrial divergence is roughly comparable to what has been estimated among cryptic species within the Rhodnius robustus complex (Monteiro et al. 2003) , T. brasiliensis (Almeida et al. 2008) or T. dimidiata (Monteiro et al. 2013) , indicating possible incipient speciation (or T. maculata sibling species). In order to test this hypothesis the analysis of other populations from the ColombiaVenezuela Orinoco region, as well as south Venezuela and north Brazil, could clarify the population structure and systematics within this species.
We do not discard any ecological or micro-geographical population substructure in T. maculata that might be placed across other Colombian or Venezuelan ecological regions. Wing morphometric and intra-populational genetic diversity (inferred from PCR-RFLP analysis of the β-tubulin gene) of T. maculata was recently tested in Venezuelan specimens from diverse sylvatic, peridomestic, and domestic ecotopes (García-Alzate et al. 2014) . These authors showed a high morphologic and genetic diversity, as well as a moderated structure of domestic specimens. Furthermore, a preliminary work suggested clear differences between individuals from Anzoátegui and Portuguesa as derived from PCR-RFLP analysis of partial cyt b gene (González-Brítez et al. 2010) . Here, a moderated subdivision within Venezuelan populations was observed according to molecular analyses, but no evidence for geographical or ecological sub-structure can be proposed as most of samples analyzed were from peridomestic ecotopes in relatively nearby localities of Anzoátegui. Thus, we suggest further studies on a finer scale must still be conducted.
Venezuelan T. maculata are found in coconut palms , and movement between peridomestic and intradomestic habitats is reported in several regions from the northeast (García-Alzate et al. 2014 ). Moreover, Colombian T. maculata populations are distributed in almost a half of the country , being the most frequent triatomine found in anthropic habitats after R. prolixus and T. dimidiata (Campbell-Lendrum et al. 2007 , Cantillo-Barraza et al. 2010 , Montilla et al. 2011 , Cantillo-Barraza et al. 2014 , Gómez-Melendro et al. 2014 . However, its relevance as a vector of T. cruzi to humans (Cantillo-Barraza et al. 2014 , 2015 and aspects of its population genetic structure or movement dynamics have been poorly studied so far. Here we analyzed specimens from three localities in northern Colombia where T. maculata has been reported invading dwellings (Cantillo-Barraza et al. 2010 , Montilla et al. 2011 , Cantillo-Barraza et al. 2014 , Gómez-Melendro et al. 2014 , Cantillo-Barraza et al. 2015 , and cyt b analysis showed some haplotypes were shared between Colombian localities from Cesar and Bolívar, suggesting possible genetic flow among them. No sylvatic foci are known for this species in this region, suggesting the possibility that T. maculata is not a native species in northern Colombia. Interestingly, our molecular data showed that the Colombian populations have a haplotype diversity and nucleotide variation lower than those observed in the Venezuelan populations, which would support the hypothesis that northern Colombian populations are introduced.
Traditionally, low epidemiological relevance for T. maculata has been thought to be a consequence of its ornithophagic habits and low T. cruzi infection rates. However, recent studies have reported T. cruzi infection rates in peridomestic habitats from northern Colombia as high as 76% (Cantillo-Barraza et al. 2015) , 70% in insects collected in palm trees in northeastern Venezuela , and 40.3% in peridomestic ecotopes of the Portuguesa and Anzoátegui states of Venezuela (González-Brítez et al. 2010) . These values clearly differ from the uninfected insects reported for the Amazon region of northern Brazil (LuitgardsMoura et al. 2005a) , suggesting a strong heterogeneity of the eco-epidemiological landscape as a result of species distribution and/or marked biological differences in T. maculata populations relative to their vector competence. We disclose a remarkable population differentiation that could be congruent with sibling species status within T. maculate, harboring additional biological differences to those analyzed here. Further studies concerning the biological attributes of life history (i.e., events related to survival and reproduction) as well as vector competence (i.e, T. cruzi infection rates, blood-meal source preferences, and defecation patterns) are vital to elucidate the actual role of T. maculata as a vector of Chagas disease, and to design more accurate surveillance and vector control strategies.
